Results

Features of the Study
The study described here was designed to assess the requirement for key components of the RNA polymerase II transcriptional machinery. This was accomplished by using high-density oligonucleotide arrays (HDAs) (Wodicka et al., 1997) to determine the effects of mutations in these components genome wide. Detailed information and databases supporting all aspects of this study can be found on the World Wide Web at http://www.wi. mit.edu/young/expression.html.
The Yeast Transcriptome
Knowledge of the levels of all detectable mRNA species in yeast is useful for evaluating the degree to which these levels depend on any one component of the tran- were accurately determined and compared in both exAs detailed in Table 1 , representative subunits of these complexes periments, 99% of the mRNAs differed no more than were choosen for analysis of genome-wide transcription depen-1.7-fold, and only 35 transcripts (0.65%) showed more dence.
than a 2-fold change. In order to prevent these minimal variations from influencing the results, all experiments were performed in duplicate. The levels determined for the catalytic function of known enzymatic activities, or the 5460 transcripts in wild-type yeast cells and addicomplete deletion mutations. In each experiment, a mutional information derived from this experiment can be tant cell and its isogenic wild-type counterpart are found under Yeast mRNA Population on the web site.
grown to mid-log phase, the two populations are harThe SAGE method has previously been used to detervested, RNA is prepared, and hybridization to HDAs is mine values for 4465 transcripts, the result of which has carried out, all in duplicate. been termed the yeast transcriptome (Velculescu et al., 1997) . The sensitivity of the HDA technology permitted Dependence on Core RNA Polymerase II a determination of the levels of many additional gene To determine the genome-wide dependence of gene products and revealed that transcripts from 80% of exexpression on core RNA polymerase II, RNA was isopressed yeast genes exist at levels of 0.1 to 2 molecules/ lated from an rpb1-1 ts cell and its wild-type counterpart cell.
45 min after a shift to the nonpermissive temperature and was hybridized to HDAs. Because rpb1-1 cells shut down transcription of protein-coding genes immediately Dependence of Genome Expression on Key Components of Transcriptional Machinery after a temperature shift, these cells have been used by us and other investigators to determine the half-life of At any one promoter, the transcriptional machinery might include the RNA polymerase II core enzyme, the various yeast mRNAs (Nonet et al., 1987; Herrick et al., 1990) . The 45 min time point was used for the analysis general transcription factors (GTFs), the core Srb/mediator complex, the Srb10 CDK complex, the Swi/Snf comof all ts mutants in this study because it is sufficiently long to detect a significant (i.e., a 2-fold or more) loss plex, and the SAGA complex, among others (Figure 1) . One or more subunits of each of these components of mRNA levels for 94% of detectable gene products without any loss of rRNA (Nonet et al., 1987) . In addition, has been investigated for its role in genome-wide gene expression through the use of mutations that affect eithe 45 min time point is short enough to minimize the potentially complicating effects of cell cycle arrest and ther the function or the physical presence of the subunit (Table 1) . Loss-of-function mutations in various compocell death.
The results of genome-wide expression analysis of nents of the transcription apparatus were constructed or obtained from various investigators (see Study Design the rpb1-1 mutant as compared to an isogenic wildtype strain are shown in a grid format in Figure 2A . The on the web site for details). Two types of mutations have proven to be useful in this study. For essential compogrid shows the change in mRNA level for each gene, beginning with the left-most gene on chromosome I nents of the apparatus, temperature-sensitive (ts) mutations are valuable because they allow the investigator and proceeding in a linear fashion, left to right, through chromosome I, then II, then III, etc., until the last gene to examine effects on gene expression at any point after inactivating the factor. For nonessential components, on the right arm of chromosome XVI is reached at the lower right-hand corner. Scored in this analysis were we have used either point mutations, which knock out Figure 2B ; see the web site Thompson and Young, 1995) . A ts mutant in Srb4 (srb4-138) was previously used to obtain evidence that several for detailed information). The reduction in mRNA levels observed in ts mutants protein-coding genes require the function of Srb4 and are thus likely to have the holoenzyme form of RNA soon after a temperature shift (i.e., 45 min) is likely a consequence of primary effects due to factor inactivapolymerase II recruited to their promoters (Thompson and Young, 1995) . Genome-wide expression analysis tion because the time required to produce most secondary effects involves a substantial reduction in both a provides a more rigorous test of the model that expression of all protein-coding genes is dependent on Srb4.
transcript and its translation product. Nonetheless, the results obtained in this type of experiment must be reThe experiment was carried out with the same protocol used with the Rpb1 ts mutant. Of the 5361 genes whose garded as the sum of primary and secondary effects. To identify the set of genes whose change in expression mRNA expression levels could be compared (i.e., those that had a greater than 2-fold decrease in the experiment is most likely a direct consequence of the loss of function of the ts factor, we compare data from ts inactivation with Rpb1 ts and were scored in the Srb4 ts experiment), Table 2 . For appear to be negatively regulated by Swi/Snf than are example, a significant decrease in mRNA levels was positively regulated (Figure 2D ; see the web site for observed for CTR9, which is required for expression of detailed information). The data show that 203 gene prod-G1 cyclins CLN1 and CLN2. In addition, genes that are ucts were elevated 2-fold or more in the mutant relative involved in DNA repair and DNA synthesis are depento the wild type, while just 126 transcripts decreased dent on TAF II 145 function. Thus, the G1/S arrest pheno-2-fold or more (see Genome-Wide Expression Data on type of TAF II 145 mutants may be due to multiple defects the web site Figure 3A . Similarly, the set of genes whose expression requires various TFIID and SAGA components are shown in a Venn diagram in Figure 3B . These diagrams show how distinct sets of genes require the function of distinct components of the transcription machinery. These data suggest that coordinate regulation of large sets of genes could be accomplished by affecting the function of specific components of the transcriptional machinery. If this is the case, then it would be expected that functional relationships exist among some genes within these sets, as has been observed with TAF II 145.
Srb5 Has Unexpected Roles in Pheromone Response
It was striking that many of the genes whose mRNA levels are most dramatically affected by the loss of Srb5 fall into the pheromone response pathway. The 15 genes involved in the pheromone response that are expressed at substantially lower levels in the absence of Srb5 are shown in Figure 4A . Dramatic effects are seen in genes involved in mating factor production and export; the expression of MFA1 and MFA2, the two genes encoding mating pheromone a-factor, are down 28-fold and 11-fold, respectively. Additional genes involved in maturation (STE13) and export (STE6) of mating factor are expressed at substantially lower levels than in the cognate FLO11, which encodes a cell wall protein that is highly expressed in pseudohyphal cells, is expressed at 15-fold higher levels when Srb10 function is lost ( Figure  5A ). The dramatic increase in the expression of FLO11 and other genes whose products are involved in the dimorphic shift led us to determine whether the absence of Srb10 function produces a pseudohyphal phenotype. Both copies of the SRB10 gene were deleted from a diploid strain that is generally used to assay this phenotype, and colony morphology was examined under the microscope. The results in Figure 5D demonstrate that the loss of Srb10 causes cells to grow preferentially in a pseudohyphal form. This again shows that expression analysis is useful for predicting unexpected phenotypes. More importantly, specific signal transduction pathways control the dimorphic shift (Madhani and Fink, 1998), and these results suggest that one of the ultimate targets of these pathways is the Srb10 kinase. can be identified by comparing genome expression sigTo determine whether Srb10 is physically lost from natures from these experiments and those that modify cells as they enter the diauxic shift, cells containing an the cellular environment. epitope-tagged Srb10 protein were grown in YPD media and sampled at various times during the growth curve ( Figure 5C ). Cell lysates were prepared from each samTranscriptome We have estimated the number of mRNA molecules ple, and the levels of Srb10 were assayed by Western blot. The data in Figure 5C show that Srb10 is physically present for all genes in a single wild-type haploid cell using HDA data (see Yeast mRNA Population on the web depleted as cells enter the diauxic phase of growth. This result is consistent with evidence that the levels of site). This is a more accurate representation of the transcriptome than that previously determined because it Srb11, the cyclin partner of Srb10, are reduced when cells are exposed to the limiting nutrient environment is better able to score mRNA species that are expressed at very low levels (5460 genes were scored using HDAs, in sporulation media ( 
Discussion
Gene-Specific Regulation via the General Transcription Machinery
The textbook models describe regulation of eukaryotic gene expression as the recruitment of the general transcription machinery to genes by gene-specific activators. Our results demonstrate that the function of certain key components of the general transcription machinery is required for the expression of distinct sets of genes, as illustrated in Figure 3 . It is possible that these components of the transcription machinery are necessary targets for a specific set of gene-specific activators, and the loss of such a component produces a dramatic effect at only those genes under the control of such activators. In this case, the data presented here provide candidate targets within the initiation machinery for activators at most yeast genes. The results described here also reveal that a layer of regulation is available to the cell in addition to that provided by gene-specific regulators: the expression of specific sets of genes can be regulated by affecting the availability or function of a specific component of the general machinery. Since various components of the general machinery can be acetylated and phosphorylated (Kitajima et al., 1994; Imhof et al., 1997), it is possible that these modifications serve to regulate these components, and thus the genes that require their functions.
Insights into Roles of Transcriptional Complexes
The components of the transcription apparatus that were the focus of this study were selected because they are among the key subunits of the major multiprotein complexes that have roles in transcription of proteincoding genes. These complexes include the RNA polymerase II core enzyme, the general transcription factors (GTFs), the core Srb/mediator complex, the Srb10 CDK complex, the Swi/Snf complex, and the SAGA complex. We found that three components were generally required for transcription of protein-coding genes (Rpb1, Kin28, Srb4). Two were found to be required for more than half, but not all genes (Tfa1, Taf17). Most components investigated thus far were necessary for transcription of less than a fifth of the genome (Srb5, Med6, Srb10, Swi2, Taf145, Gcn5). In this latter group, the evidence 
